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ABSTRACT 
 
The Development of Satellite Radar Interferometry 
for Geohazard Applications 
 
This thesis for a PhD by Publication attempts to demonstrate the author’s contribution towards 
the development of terrestrial satellite radar interferometry (InSAR) for geohazard applications 
between 1995 and 2016.  The author’s role is shown by reference to six peer-reviewed articles, 
and five ‘documents of influence’ that demonstrate key pieces of work that helped progress the 
application of InSAR technology.  The work included ranged from the first InSAR-related contract 
to be funded by ESA, through the introduction of InSAR into the CEO’s Disaster Management 
Support project that influenced both the Space Charter for Major Disasters and the Global 
Monitoring for Environment and Security programme, to the widespread exploitation and 
standardisation of InSAR seen in the Terrafirma and FP7 PanGeo projects.  The author’s 
contributions have resulted in a wider-spread InSAR awareness and expertise, direct support to 
the European Space Agency’s flagship application of the time, the inclusion of InSAR within 
Copernicus services, and support to the mission-design of Sentinel-1a/b. 
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1: INTRODUCTION 
This document represents a thesis for a PhD by Publication based on the author’s work over a 21-
year period spanning 1995-2016.  The work involved contributions to the development of satellite 
radar interferometry for operational and commercial applications.   
 
Synthetic Aperture Radar (SAR) Interferometry (InSAR) has the ability to map displacements of the 
Earth’s surface (Gabriel, Goldstein, & Zebker, 1989), and consequently has applications in 
mapping geological hazards such as those related to tectonics (volcanoes and earthquakes), 
landslides and subsidence (Capes & Teeuw, 2017).  InSAR is also used in oil and gas production to 
map and monitor surface deformation as an aid to subterranean reservoir characterisation 
(Fielding, Blom, & Goldstein, 1998; Vasco et al., 2010).   
 
The author was at the vanguard of InSAR-application development, winning funds from what was 
the British National Space Centre to establish the world’s first operational InSAR processing chain 
at Nigel Press Associates Ltd. (now NPA Satellite Mapping)1 in 1995.  Through the years, the 
author continued to take advantage of publicly-funded opportunities to develop InSAR further, 
and by assembling consortia from an international network, proposed, won and managed 17 
research and development projects contributing to the understanding of InSAR applications.  
These included the first-ever InSAR project funded by the European Space Agency (ESA), between 
1997 and 1999, where a significant volume of processing was undertaken over a number of sites 
around the world that demonstrated not only the potential power of the technology but also the 
ubiquity of previously unmapped ground displacements occurring due to a variety of geological 
phenomena.  The author also proposed and ran for six years (2003-2009) ESA’s flagship InSAR 
project, Terrafirma, one of ten major collaborations run by ESA as their contribution towards the 
European Commission (EC) program Global Monitoring for Environment and Security (GMES), later 
to become the existing Copernicus program now in operation and responsible for the Sentinel 
series of Earth-observing satellites.  The Terrafirma project arguably did more than any other 
activity to spread the InSAR word around the international geoscience community, paving the way 
for wide–spread use of data from the new Sentinel-1.  More recently (2011-2014), the author 
conceived, proposed and managed a 37-partner, FP7-Space project (PanGeo) that standardised 
geohazard mapping from InSAR over 52 of Europe’s largest cities.  All in all, during the 21-years 
covered by this thesis, the author’s work helped to broaden the understanding of InSAR 
                                                          
1
 Nigel Press Associates Ltd. of Edenbridge, Kent, UK is Europe’s oldest commercial satellite remote sensing 
company.  Now owned by the French company CGG and run as NPA Satellite Mapping -  A CGG Company. 
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application, validate its accuracy and precision, and productise what is a complex solution into 
services accessible to the non-specialist.   
 
The aim of this work is to demonstrate the author’s contribution between 1995 and 2016 to the 
development and understanding of InSAR as applied to the detection and measurement of 
various ground-motion phenomena.  It will do this by reference to a number of publications 
produced within the context of publicly-funded research and development projects conceived, 
proposed and managed by the author.  These included multi-national, publicly-funded 
collaborations for the British National Space Centre2, the European Space Agency (ESA) and the 
European Commission (EC).  The publications include peer-reviewed journal articles and a 
selection of public ‘documents of influence’ to which the author contributed. 
 
The thesis continues with the following sections: 
 Publication listing: Listing the peer-reviewed articles and publications of influence discussed 
in the thesis. 
 Initial research context: An outline of the evolution of InSAR and the prevailing state-of-the-
art when the author’s research began in 1995.   
 InSAR application development: key activities:  A narrative and context for each of the 
eleven publications cited for this thesis. 
 Impact:  A discussion citing four examples of how the work of the author has impacted the 
world of InSAR. 
 Conclusion: The thesis conclusion 
 Appendices:  Chronological listing of the eleven publications cited for this thesis.  Each 
Appendix is a separate digital PDF file. 
 
 
                                                          
2
 The British National Space Centre was replaced in 2010 by the extant UK Space Agency 
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2: PUBLICATION LISTING 
Listed below in chronological order are the eleven publications cited in this thesis as 
representative of the author’s contribution to the development of InSAR applications.  1, 4, 5, 8, 9 
and 11 are peer-reviewed articles.  2, 3, 6, 7 and 10 are other publications of influence. 
1. Capes, R. Brucciani, P. (1998) Practical Uses of Earth Observation for Civil Engineering.  
Proceedings of the Institution of Civil Engineers, Volume 126, Issue 3 (pp 106-115). Thomas 
Telford, London, August 1998. 
2. Capes, R. Haynes, M. Cooksley, G. (1998) End to End Performance Evaluation of SAR 
Subsidence Monitoring System.  Final Report of first ESA project exploring the operational 
application of Differential InSAR. 
3. Capes, R. Bequignon, J. Filson, J. Massonnet, D.Ohkura, H. Bonnin, J. Helz, R. Bloom, R. Peltzer, 
G. Padovani, E. McLean, S.  (2002) Earthquake Team Report: Earth Observation for Earthquake 
Risk Management. In The Use of Earth Observing Satellites for Hazard Support: Assessment 
and Scenarios. Final Report of the CEOS Disaster Management Support Group. pp9-21  
Published for CEOS by the National Oceanographic and Atmospheric Administration, 
Department of Commerce, Silver Spring, Maryland, USA. 
4. Parcharidis, I. Lagios, E. Sakkas, V. Raoucoules, D. Feurer, D. Le Mouelic, S., King, C. Carnec, C. 
Novali, F. Ferretti, A. Capes, R. Cooksley, G. (2006) Subsidence monitoring within the Athens 
Basin using space radar interferometric techniques. Earth, Planets and Space, Volume 58, 
Issue 5, 2006, pp 505-513. 
5. Crosetto, M. Monserrat, O. Bremmer, C. Hanssen, R. Capes, R. Marsh, S. (2008) Ground 
motion monitoring using InSAR: Quality assessment. European Geologist Magazine, No. 26, pp 
12-15. 
6. Capes, R. Marsh, S. (Ed) (2009): Terrafirma User Guide: A guide to the use and understanding 
of Persistent Scatterer Interferometry.  ESA GMES Service Element project document. 
7. Capes, R. (Ed) (2009) The Terrafirma Atlas. European Space Agency. 
8. Vassilopoulou S. Sakkas V. Wegmüller U. Capes R. & Lagios, E. (2012) Long Term and Seasonal 
Ground Deformation Monitoring of Larissa Plain (Central Greece) by Persistent Scatterer 
Interferometry based on GIS Development. Central European Journal of Geosciences, 5(1) pp 
61-76. 
9. Jakobsen, PR. Wegmüller, U. Capes, R. Pederson, S.  (2012)  Terrain subsidence interpreted 
from satellite radar scanning of the Copenhagen area and its relation to the tectonic 
framework.  ROSA 23, pp 41-44, Bulletin 2012 of the Denmark and Greenland Geological 
Surveys  
10. Bally, P. Eddy, A. Coulson, S. Ferretti, A. Arnaud, A. Capes, R. van der Kooij, M. Lozzi, S. 
Caumont, H. Ghesquiere, F. Douglas, R. Shaw, F. Laur, H. (2012) Industrial Perspectives on the 
Satellite-Based Geohazards Services Sector. In The International Forum on Satellite EO and 
Geohazards, pp111-129. European Space Agency and Group on Earth Observations joint 
publication. 
11. Capes, R. Teeuw, R. (2017) On Safe Ground? Analysis of European Urban Geohazards Using 
SAR Interferometry.  International Journal of Applied Earth Observation and Geoinformation 
58C (2017) pp. 74-85. http://doi.org/10.1016/j.jag.2017.01.010 
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3: INITIAL RESEARCH CONTEXT 
In 1993 the front cover of Nature Magazine showed 
an image depicting interferometric fringes of the 
ground displacement associated with the magnitude 
7.3 (Mw) Landers (California) earthquake of 28
th June 
1992 (Massonnet et al., 1993).  This dramatic image 
was made using a co-seismic pair of synthetic 
aperture radar (SAR) images acquired by the 
European Space Agency’s ERS-1 Earth-observing 
satellite, in a process known as SAR interferometry, 
or ‘InSAR’ for short.  This work kickstarted a resolve 
at Nigel Press Associates Ltd. (NPA), where the 
author worked as manager of new applications, to 
develop InSAR for operational and commercial 
services.  However, although Massonnet’s work 
revealed the potential for InSAR to map the ground displacements associated with some 
earthquakes, there were many challenges and unanswered questions relating to the technique 
and its operational application to other phenomena.  
 
Massonnet’s impressive work was yet the latest development of SAR science that began in the 
1960’s, although radar itself had been around since before the 1930s (Page, 1962).  W.M. Brown 
(1967) was among the first to explain and design an analogue ground-based Synthetic Aperture 
Radar, determining initial key principles for ‘synthesising’ a large aperture by moving the platform 
to improve spatial resolution.  In 1974 L.C. Graham demonstrated the first use of an additional 
radar antenna on an airborne platform to form an interferometer for topographic mapping at 
about 1:250,000 scale.  In 1978, NASA launched SeaSat, the first SAR, Earth observation (EO) 
satellite that proved to have some capability for repeat-pass InSAR.  Only operating for 100 days, 
this was an L-band (23.5cm wavelength) mission designed for ocean monitoring (Barber, 1983).  
Using analogue technology, stability and accuracy were modest, but still, with a few carefully 
selected scenes, InSAR from an Earth-orbiting satellite was shown for the first time. Using SeaSat 
data, topographic mapping was demonstrated by Zebker & Goldstein in 1986, and differential 
InSAR was illustrated for the mapping of topographic change by Gabriel et al in 1989.  In 1984, 
NASA flew the Shuttle Imaging Radar (SIR-B), a digital imaging SAR upon the orbiting Challenger 
Space Shuttle leading to further, more reliable, demonstrations of space-borne, repeat-pass InSAR 
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(Goldstein & Gabriel, 1988).  Other seminal work of the time included the demonstration of 
topographic mapping from dual airborne SAR antenna, one under each wing of a NASA CV990 
aircraft (Zebker & Goldstein, 1986), this being a fore-runner to the Shuttle Radar Topographic 
Mission (SRTM) mission that provided a valuable global elevation dataset still in regular use today.  
The NASA team also addressed the 2D phase ambiguity issues brought about by the modulo 2 
output of InSAR measurements to show that errors and residuals can be avoided in the global 
phase estimation to produce reliable topographic data (Goldstein, Zebker, & Werner, 1988). 
 
On the 17th July 1991 the InSAR world evolved 
with the successful launch of ESA’s first 
European Remote Sensing satellite (ERS-1).  This 
carried a C-band (5.6cm) SAR orbiting with a 35-
day periodicity that acquired data whenever its 
power systems allowed, resulting in substantial 
and growing archives of multi-temporal SAR 
data in consistent descending and ascending 
geometries.  Thus in 1993, Massonnet and his 
colleagues at the French Space Agency, CNES, 
used two ERS-1 scenes of 24th April and 7th 
August 1993 to co-seismically bracket the Landers earthquake event of June 1993 to produce the 
differential interferogram shown in Figure 3.1.  The result showed the wide-area, cm-scale 
precision of the deformation measurement, validated by GPS and groundtruth, and revealed new 
information on the spatial characteristics of the faulting mechanism.  It was enough to convince 
NPA that a new type of satellite remote sensing had emerged, one with a capability to detect, 
measure and monitor the ground movements associated with geological hazards (geohazards).  
NPA, Europe’s oldest remote sensing company (and one of the very few satellite remote sensing 
companies at that time), saw commercial opportunity, and was uniquely placed to develop the 
application of the new technology.  NPA was focused on geological remote sensing, and was at 
that time already the world’s largest consumer of satellite radar data for its oil exploration 
products, so it had considerable existing expertise in both handing and interpreting SAR data.  
This combination put NPA in a unique position, world-wide, to exploit InSAR, and together with 
the ever-growing, multi-temporal ERS-1 SAR data archive, and promise of an identical satellite in 
1995 to provide continuity, provided the impetus to initiate development of a new line of 
applications for InSAR products focused on geohazard applications.  However, turning this new 
science into an operational technology was not straight forward.  There was no off-the-shelf 
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InSAR software available; getting hold of the right data from the prevailing geographically 
distributed ERS-1 ground segment would be a challenge; the computational effort was known to 
be extreme; interpretation of differential interferograms was not intuitive, and converting 
interferometric fringes into products of use to the non-specialist for potential applications was 
unknown territory. 
 
In 1995, the author utilised prevailing BNSC application demonstration funding opportunities to 
propose and run a project called CivInSAR, including as partners the Defence Research Agency 
(DRA)3  (holders of previously classified InSAR software), University College London (experimental 
InSAR processing capability), TreiCoL (Dr. Geoff Lawrence – expert in SAR interpretation) and 
Phoenix Systems (Andy Smith – author of the DRA InSAR software).  These relationships, together 
with the early work of CivInSAR led to the installation and birth of an operational InSAR processing 
capability at NPA’s offices in Edenbridge, Kent – the first commercial InSAR capability worldwide.  
The processing chain employed a SAR processor (PulSAR), written by Phoenix Systems, to convert 
the ‘raw’ SAR data procured from ESA into a ‘Single Look Complex’ product ready for ingestion 
into ‘DRAIN’ - the affectionate name given to the DRA InSAR software, licensed exclusively to NPA. 
The interferometric output was then manipulated and integrated in TNTMipsTM Image Processing 
and Geographic Information System (GIS) to produce ground deformation mapping products 
(Figures 3.3 & 3.4).  DRA’s InSAR software was written by Andy Smith of Phoenix Systems who 
trained NPA personnel in its use and became a key, long-term associate.  Mark Haynes (from 
UCL’s experimental InSAR team) was employed by NPA as an InSAR processing engineer. Thus, a 
unique and pioneering capability was assembled by which the author pursued the development of 
InSAR applications and their derived products. 
 
 
 
 
 
 
 
 
 
 
                                                          
3
 DRA became the ‘Defence Evaluation and Research Agency’, before being privatised and becoming the 
current ‘QinetiQ’. 
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4: InSAR APPLICATION DEVELOPMENT: INFLUENTIAL ACTIVITIES 
This section describes the InSAR application development work undertaken by the author in 
relation to the publications listed in section 2.  The narrative is dealt with chronologically and so 
moves between ‘peer-reviewed articles’ and ‘other publications of influence’ as appropriate. 
 
4.1: Practical uses of Earth observation for civil engineering: Publication 1 
(1998)  
The author considered the pioneering work done in the CivInSAR project described above to be of 
interest to the civil engineering community.  In 1997, and in collaboration with Smith Systems 
Ltd.4, the author secured funds from the EC’s Centre for Earth Observation (CEO) Customer 
Segment Studies programme.  The funds were used to arrange and conduct workshops aimed at 
the civil engineering community to divulge and promote the latest EO capabilities and possible 
relevance to their businesses.  Audiences included UK companies such as Atkins, Arup and Mott 
McDonald and Knight Piésold Consulting.  Although optical data at various resolutions was used to 
illustrate applications like pipeline routing and impact assessment, the main interest was in 
presenting the deformation maps produced in CivInSAR to gauge first reactions of commercially-
orientated users.  Reactions included fascination, but healthy scepticism!  On the back of this 
work, the author collaborated with Paul Brucciani of Smith Systems to compile and submit an 
article to the Institute of Civil Engineers (publication 1), published in August 1998 (Capes & 
Brucciani, 1998). 
 
  
                                                          
4
 Now Smith Group 
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4.2: End to end performance evaluation of SAR subsidence monitoring 
system: Publication 2 (1998) 
In 1997 the author was in negotiation with ESA with a view to their funding further InSAR 
development.  Discussions with Dr. Guy Duchossois (ERS Mission Manager), Dr Livio Marelli (ESA 
Director of EO) and Dr. Mark Doherty, (Head of EO Exploitation) led to an ESA grant of €100,000 
and a data allocation of 80 ERS-1 & 2 scenes for a year’s work5.  This was the first InSAR project 
funded by ESA.  The author’s proposal was to evaluate the performance of the ERS-InSAR supply 
chain with regard to subsidence-market needs. The work included a quantitative identification of 
potential targets, and then the generation of 39 
differential InSAR (DifSAR) products over 26 
carefully chosen sites.  18 of these were in the 
Southwest USA where the combination of over-
drafting of groundwater, semi-arid (sparse/stable) 
landcover, and adequate ERS SAR data archives, 
made InSAR processing attractive (other sites were 
in Australia, Japan, Italy and the UK).  Quantitative 
and useful subsidence maps were generated for 18 
(69%) of the sites.  In efforts to gain groundtruth to 
validate results, and to assess market potential, 
contacts were established at proximal offices of 
the US Geological Survey, universities and water 
authorities, and a number of presentations were 
made personally by the author at the organisations 
concerned.  Interest was indeed aroused, and 
NPA’s first commercial InSAR contracts were from 
Southwest US water departments.   
 
Besides the project producing 39 examples of a new remote sensing technology over 26 sites, the 
work also provided other information of use to the development of this new application: 
 A  first analysis of likely InSAR markets was undertaken, that still holds true today. 
 An analysis of subsidence in the USA and why it should be monitored by InSAR. 
 A developed criteria for site selection, e.g. for unambiguous detection, the spatial resolution 
                                                          
5
 In 1998, ERS data was not free.  The research rate for NPA as an official ESA data distributor was €27 per 
scene.   
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of ERS-InSAR demanded continuous subsidence fields of minimum ca. 0.5 km2 to allow for 
spatial averaging to a resolution of ca. 100m.  Or, to reduce ambiguity results should contain 
complete fringes.  If data allowed,  differential interferograms could be stacked to sum <1 
fringe displacements. 
 The bounds of coherence in rural, temperate zones were discovered when trying to detect 
subsidence in the UK caused by active long-wall mining in the Selby coalfields.  Successful 
interferograms could only be created using data-pairs acquired in winter with the minimum 
temporal separation of 35 days.   The increased and moving vegetation of summer prevented 
any scene correlation. 
 A key concern was access to the right SAR data.  There were some issues of data quality that 
were documented, and the tight requirements of geometric conformity severely limited data 
choice.  ESA’s FRINGE database in combination with their usual search engine, DESCW, for the 
identification of InSAR-compliant pairs, was crude and inaccurate, and NPA wrote its own 
software to efficiently search the database for appropriate image-pairs.   However, the main 
issue, was simply the delay in receiving data from the ground-station that had received the 
line-of-sight data transmission from the satellite and at which the data were archived.  There 
was no consistency in delivery policy across ground-stations.  Delivery times ranged from 4 to 
159 days with an average of 43 days from date of order to receipt of an InSAR-compliant pair.  
ERS data archived at Hyderabad, India was basically inaccessible. 
 All stages of InSAR processing were carefully logged, including time taken for each of the 
seven stages of the process.  The average total processing time, from raw data to map 
product, was 47.7 hours (6 days), with a high standard deviation of 32 hours (4 days).  Various 
problems with the ERS data that were reported back to ESA included missing lines, sampling 
shift errors and timing errors. 
 In principle, DifSAR analysis is sensitive to millimetric-scales displacements, however, the 
analysis of the 39 results generated showed that precision is in fact limited by atmospheric 
effects in the order of half a wavelength, or 1cm. 
 The project developed and illustrated a variety of novel DifSAR-related visualisations, e.g. 
fringe-extraction, vector overlays, SAR/InSAR/DEM colour composites, coherence-masking, 
stacking, 3D perspective views and animated fly-throughs. 
 Phase unwrapping of the fringes of DifSAR results provides a continuous displacement model.  
In practice inconsistent coherence restricts phase unwrapping to near-simultaneously-
acquired data-pairs, as in tandem missions6.  Three different experimental phase unwrappers 
                                                          
6
 In 1995 ERS-1 and 2 were flown 24 hours apart to enable generation of high-coherence DEMs. 
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(one from ESA, one from NASA’s Jet Propulsion Laboratory, and DRAIN’s integral unwrapper) 
were tested over a mountainous area of Turkey, with ESA’s proving to be the most robust. 
 This work resulted in a further contract from the EC’s Centre for Earth Observation to 
productise and package the results for further promotion in the USA. 
 A list of obstacles and limitations to operational ERS-InSAR production was compiled: 
 Coherence:  fundamental constraint to ERS DifSAR. 
 Spatial resolution:  no better than 100m. 
 Temporal resolution: Maximum sampling interval restricted to 35 days. 
 Displacement resolution:  In practice, one phase cycle (28mm) in line of sight (LOS). 
 Atmospheric perturbation. 
 SAR data access:  Issues described above. 
 Orbit control:  More precision required to retain small baselines between image pairs. 
 Data continuity:  At the time, C-band continuity was uncertain. 
 
A full report (publication 2) containing detail and output of all the work pursued was compiled by 
the author and delivered to ESA (Capes, Haynes, & Cooksley, 1998). 
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4.3: CEOS Earthquake Team Report: Earth Observation for Earthquake Risk 
Management: Publication 3 (2002)  
During 1997, the Committee on Earth Observation Satellites (CEOS), supported by the US National 
Oceanographic and Atmospheric Administration (NOAA), began discussions looking at the 
potential for EO in Disaster Risk Reduction (DRR) and formed the Disaster Management Support 
Group (DMSG). The Group’s objective was to support natural and technological disaster 
management on a worldwide basis by fostering improved utilization of existing and planned EO 
data.  This was one of six projects adopted by CEOS to develop further their concept for an 
Integrated Global Observing Strategy (IGOS) (Integrated Global Observing Strategy Team, 1999).  
In April 1998, a seminar and workshop was arranged in Silver Spring, Maryland to which the wider 
space community was invited, including the UK British National Space Centre (BNSC).   
 
By this time, NPA’s InSAR development and capabilities had expanded to pioneering the use of 
InSAR with corner reflectors for earthquake applications in Greece, and to partnering with 
TeleRilevamento Europa (TRE) in Italy in the provision of the new hybrid InSAR process called 
Persistent Scatterer InSAR (PSI).  Because of NPA’s unique UK expertise in this area, the BNSC 
invited the author to participate in the UK delegation along with other UK experts from other EO 
application domains.   
 
Thus began the author’s association with the DMSG for four years until 2001 at which time the 
initiative a) merged into the International Charter for Space and Major Disasters 
(www.disasterscharter.org), and b) was absorbed into the Emergency theme of the new Global 
Monitoring for Environment and Security (GMES) initiative started by the EC’s Joint Research 
Centre (JRC) in Ispra, Italy7.  The author co-chaired the DMSG Earthquake Team, charged with 
researching and compiling a definitive document profiling user requirements and the 
corresponding satellite-EO state-of-the-art.  The resulting Earthquake Team Report (publication 
3), written by the author with input from the other members of the Earthquake Team, is 
contained within CEOS’s The Use of Earth Observing Satellites for Hazard Support: Assessments 
and Scenarios. Final Report of the CEOS Disaster Management Support Group (Committee on 
Earth Observation Satellites, 2002).  This document is seminal as the DMSG activity fed directly 
into the development of both the Charter and GMES, and was the first time that InSAR was 
formally introduced as a viable application in operational hazard management. 
                                                          
7
 After a dozen years of development, GMES became operational in 2014, becoming Copernicus 
(www.copernicus.eu).   
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4.4:  Subsidence Monitoring within Athens Basin: Publication 4 (2006) 
This publication was produced as one of the many outputs of the ESA-funded Terrafirma project, 
conceived and managed by the author. The next section provides some background on the 
project before discussing the publication. 
 
4.4.1:  The Terrafirma Project 
ESA’s exploitation division in ESRIN wanted direct involvement with the development of GMES 
applications, and around 2001 began elaboration of a funding-programme known as the GMES 
Service Element (GSE) (European Space Agency, 2016b).  The aim of the €100M initiative was to 
prepare policy-relevant EO services for eventual absorption into the forthcoming Copernicus 
Programme, still a decade away.  After a competitive bidding process, nine projects were awarded 
to be run in two, three-year stages – a consolidation phase from 2003-06, and a scaling-up phase 
from 2006-09.  The author assembled a consortium, and proposed, won and managed a project 
called Terrafirma, a ‘terrain-motion information service for Europe to save lives, improve safety 
and reduce economic costs’.  Terrafirma was ESA’s flagship, InSAR-based project that the author 
ran for the next six years.   
 
Terrafirma was focused on the exploitation of the new, hybrid InSAR technique of Persistent 
Scatterer InSAR (PSI) (Ferretti, Prati, & Rocca, 2001), and among the initial eleven partners of 
Terrafirma, the author had astutely included the only other (besides NPA) operational PSI 
providers in existence: TRE of Italy, Gamma of Switzerland, and Altamira of Spain.  Normally 
competitive and wary of each other, Terrafirma in fact provided a basis for mutual trust and 
cooperation, and served to advantage the four PSI providers in many ways.  To strictly control 
expectation, obligation and liability, the project was driven by Service Level Agreements (SLAs) 
(designed by the author) agreed between NPA as project Prime, one of the four PSI providers 
(including NPA), an end-user organisation, and ESA.  Terrafirma  highlights include: 
 Standardisation:  For the first time a standardised form of PSI-result presentation was agreed, 
e.g. use of colour-tables, mapping format, etc. 
 Exposure: By 2009, 88 SLAs had been ratified with 51 end-user organisations throughout 
Europe and beyond.  Over 6,000 SAR scenes had been processed to deliver 68 PSI products 
(49 urban, 19 landslide). 
 Application:  PSI had been used to detect 21 different types of geohazard.  A number of 
unknown instabilities were discovered in sites of critical infrastructure, e.g. runway subsidence 
at three airports, hydro-electric dam instability. 
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 Validation:  Of distinct advantage to the further development of PSI, an additional €1M of ESA 
funding was spent on validating PSI in terms of accuracy and precision in a ‘sub-project’ 
designed by the author and successfully executed by the team (see Section 4.5). 
 Quality control:   A Quality Control Protocol was developed within the team to ensure the 
highest reliability and consistency of PSI result-production (see Figure 4.2).   
 
 
 
 ESA-accreditation:  As an operational public service, Terrafirma had to be open to new PSI 
providers.  They would, however, need to pass a test of competence by blind processing the 
same data used in the Terrafirma Validation Project (see Section 4.5).  The four initial 
providers became implicitly ESA-accredited and were (and still are) able to advertise the fact. 
 User workshops:   Five user workshops were arranged and conducted over the six years of the 
project.  These helped exposed the technique and the service providers to a diverse range of 
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new users, with their feedback inputting directly to further product development.  Two 
sessions also provided hands-on tuition in the utilisation of PSI data. 
 Case studies:  Seven thematic case study leaflets were developed and produced for 
widespread promotion of InSAR services (Figure 4.3). 
 
 
 
 Terrafirma User Guide:  See Section 4.6 
 Terrafirma Atlas:  See Section 4.7. 
 
4.4.2:  Subsidence monitoring within Athens Basin: Publication 4 (2006) 
This publication (Parcharidis et al., 2006) was an output from two SLAs agreed between the 
Terrafirma project and the Harokopio University of Athens, and the National Capodistrian 
University of Athens.  Two InSAR approaches were employed over the Athens region in an 
experiment to validate InSAR results against groundtruth for metro-tunnelling, water abstraction, 
and lignite mining.  Besides the PSI approach (in this instance processed by TRE), the French 
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geological survey (Bureau de Recherches Géologiques et Minières) wanted to employ and 
compare the approach of InSAR-stacking.  This involves summing a number of short temporal-
separation, temporally-contiguous, conventional differential interferograms to form a pseudo 
interferogram spanning a period that would normally prove incoherent.   
 
55 ERS scenes were available to both techniques, spanning 1992-2002.  The work was 
complicated by the Athens earthquake of 7th September 1999 (Mw=5.9) as the aim was to 
measure aseismic deformation only.  Due to the earthquake deformation causing abrupt changes 
in target reflectivity, TRE’s approach was to split the data into two distinct datasets, one pre-
seismic, one post-seismic, and process separately.  For this study the 38 pre-seismic SAR scenes 
available were processed to make 37 differential interferograms from which a map of linear 
average annual velocity was made, resulting in an array of >98,000 PS points of >0.8 coherence.  It 
was hoped that the result would reveal earthquake precursor movement, but none was evident. 
 
Using the stacking approach, BRGM used the 55 SAE scenes to produce 264 differential 
interferograms, from which 60 higher-quality results were extracted specifically to exclude the 
seismic event.  From these four were finally chosen to make the pseudo interferogram spanning 
1991-2002, but omitting any signature of the earthquake of 1999.  A co-seismic DifSAR results was 
produced for the earthquake as a by-product. 
 
All in all, a reasonable correlation between the two techniques was shown.  A number of 
subsidence phenomena were measured to similar orders of magnitude, particularly the 
deformations caused by water-pumping.  The study also revealed some of the advantages and 
limitations of the PSI vs stacking techniques.  For example, using a linear model the PS processing 
did not reveal non-linear motions relating to mining.  Meanwhile, stacking is only precise to 
around 1 cm, an order of magnitude poorer than PSI when motions are linear in nature.  Finally, it 
was noted that the multi-parametric GIS created for the work proved to be of interest to the local 
civil protection authority in terms of aiding preparedness and mitigation. 
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4.5: InSAR Quality Assessment: Publication 5 (2008) 
The PSI providers in Terrafirma were confident of the robustness of the PSI technique, but there 
was little in the literature relating to the quality of results in terms of the consistency between 
different providers using different software, and the precision and accuracy of deformation 
measurements computed.  This was of key concern to some users, particularly those from a civil 
engineering background where certainty of tolerances can be safety-critical.   
 
Two projects had been conducted, both funded by ESA, aimed at some form of InSAR validation.  
The first, proposed and managed by the author in collaboration with Arup in 2003, measured the 
deformation caused by tunnelling for the new Jubilee Line Extension in central London.  Results 
were inconclusive as the InSAR measurements did not have the spatial resolution (or density of 
points) to compare against the relatively small area containing what was a limited number of 
levelling benchmarks.  The second project (ca. 2004), managed for ESA by BRGM, was to be a 
comparison of InSAR software codes, and involved a mix of operational providers and research 
groups performing InSAR processing over a coal-mining area near Marseilles, France.  Different 
groups used different InSAR processing approaches and different SAR data sets.  Although the 
project threw up some important issues for future resolution, it did nothing to satisfy a sceptical 
user community, in fact, having rather the opposite effect due to the large inconsistency of 
results. 
 
There remained an “elephant in the room”; the Terrafirma project was attempting to 
operationalise InSAR across a number of diverse communities, yet the simple question, obvious to 
the layman, of “what is the accuracy of PSI?” could not be simply answered, and this was a barrier 
to credibility and development.  The author realised that a new, scientifically-valid ‘sub-project’ 
was needed that would test the quality of both the process and the product.  The project would: 
a) Test the precision of results, or rather, the consistency of measurements across the four 
PSI providers when processing the same dataset.  This test was considered a process 
validation. 
b) Test the accuracy of results, i.e. check the output of a) against validated groundtruth.  
This test was considered a product validation. 
The object was, that these tests, when properly documented, would serve to validate the PSI 
technique to the satisfaction of users.  The author entered into further discussions with ESA, and 
convincing them of the case, managed to secure a further €1M to undertake a 12-month sub-
project within Terrafirma, imaginatively called ValProj.   
Development of InSAR for Geohazard Applications:  Renalt E Capes:  December 2017 
 
 
Chapter 4:  InSAR Application Development: Influential Activities                                                         18 
 
Two test-sites were found in the Netherlands that displayed complementary ground movement 
characteristics suitable to test the limits of PS capability.  Validated groundtruth existed for both 
sites, and was made accessible to the project through the intervention of the Terrafirma project 
partner, TNO – equivalent to the Dutch geological survey.  The first site, Alkmaar, was in north-
western Netherlands within the giant Groningen gas field.  The slow and wide-area deformation 
of a few mm/yr induced by natural gas production had formed a large subsidence bowl extending 
to ca. 30 km2.  Groundtruth was available from a succession of levelling campaigns made between 
1991 and 2006 on 172 benchmarks spread throughout the area.  The second site was an area of 
Amsterdam where a new 9.5 km ‘North-South’ metro line was under construction.  Due to the 
historic nature of that area of the city, an extensive movement-monitoring system was 
established comprising an automated system of 74 robotic tacheometers aimed at 5,350 prisms 
on 1,500 sites, traditional levelling, and sub-surface monitoring by network of inclinometers, 
extensometers and piezometers.  These sensors revealed deformations that were both gradual 
(few mm/yr) and instantaneous (>10 mm). 
 
After the four PSI providers had processed the same extents of the same ERS and Envisat 
datasets, results were analysed by the Terrafirma partner, the Spanish Institute of Geomatics (IG) 
and compared against groundtruth.  Results showed that the average annual velocity products 
were within 0.4-0.5 mm/yr of each other, and within 1.0-1.2 mm/yr of groundtruth.  Time-series 
data were not so good and were within 1.1–4.0 mm of each other, and within 4.2-5.5 mm of 
groundtruth. 
 
A number of documents were produced in ValProj for ESA under the management of, and 
compiled by, the author.  As a spin-off, IG led on the compilation of an academic publication 
(publication 5) summarising the work done (Crosetto et al., 2008).   
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4.6: Terrafirma User Guide: A Guide to the Use and Understanding of 
Persistent Scatterer Interferometry: Publication 6 (2009) 
A main goal of Terrafirma was to operationalise InSAR (PSI Specifically) and role out the 
technology to a wide user community.  However, PSI is a complex technology, and the process can 
appear as a ‘black-box’ to the non-specialist.  Many user groups remained sceptical, and although 
the PSI Validation Project (section 4.5) did much to support credibility, the wider community still 
did not understand how PSI worked.  Realising this, the author as manager of the Terrafirma 
project, initiated the compilation of, and edited, a PSI user-guide aimed specifically at the non-
specialist – the Terrafirma User Guide: A Guide to the Use and Understanding of Persistent 
Scatterer Interferometry (Capes & Marsh, 2009).  The document explained InSAR generally, PSI 
specifically, output products, quality, limitations, use, comparisons with existing survey 
techniques, and case-studies.   
 
The Terrafirma User Guide was distributed widely by ESA and the EC and has aided many 
practitioners in exploring fundamentals of the PSI process.  A search shows there is still little 
written about PSI that is aimed specifically at the non-radar specialist.  The document is still 
relevant and in use today. 
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4.7: The Terrafirma Atlas: Publication 7 (2009) 
As discussed in section 4.4.1, by 2009 the Terrafirma project had ratified 88 SLAs with 51 user 
organisations and had processed more than 6,000 SAR scenes to deliver 68 PSI products.  This, 
together with the hundreds of reports and dossiers that had been written for the project, 
represented a substantial body of work, yet it appeared that most of the output was to remain 
largely buried in ESA reports.  This was frustrating and illogical to the author who decided to 
compile a compendium of the results for widespread distribution and promotion.   
 
The resulting Terrafirma Atlas (Capes (ed.), 2009), funded and published by ESA, was a glossy, A4 
publication of 93 pages containing the output from a number of SLAs converted into 54 case-
studies from 30 countries representing all types of geohazard.  The Atlas also contained an 
introduction to InSAR, an outline of the Terrafirma project, and a summary of the Validation 
Project (section 4.5).  
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3000 copies of the Terrafirma Atlas were printed and disseminated.   A copy remains available for 
view or download via ESA at (link working at January 2017):  
http://esamultimedia.esa.int/multimedia/publications/TerrafirmaAtlas/pageflip.html 
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4.8: Ground deformation of the Larissa Plain: Publication 8 (2012) 
This journal article is a spin-off from the ESA-funded Terrafirma project.  PSI processing and its 
corresponding interpretation was undertaken over the Larissa Plain in mid-Greece.  The work was 
the subject of a Terrafirma SLA ratified between the National & Kapodistrian University of Athens, 
Dept. of Geophysics & Geothermics (as the PSI interpreter and user), Gamma Remote Sensing of 
Switzerland (as the PSI processor in this instance), NPA (as project lead).  The published journal 
article was compiled by the University of Athens and partners as a spin-off activity of Terrafirma.   
The drought-prone Larissa Plain is an area of intense agriculture.  This includes cotton-growing 
that seasonally demands large amounts of water.  Over-consumption of groundwater resources, 
and the resulting compaction of widespread alluvial formations has caused widespread 
subsidence and fissuring.  By 2012 a number of articles had been written concerning the 
phenomena, but these were based on sparsely distributed, ground-based surveys - one of the few 
quantitative measurements being made on water well-casings.  No multi-parametric study had 
been made up until then that revealed the spatial and temporal links between agricultural activity 
and subsidence.  The article presents the first InSAR analysis of the area, revealing the widespread 
subsidence over the coherent parts of the region (a maximum of >300 mm over the 14 year span 
of the SAR data) (Vassilopoulou, Sakkas, Wegmuller, & Capes, 2013).  Further analysis against a 
number of other datasets showed correlations between seasonal variations in InSAR-mapped 
subsidence, abstraction activity, and agriculture-type.   
 
The work was significant for two other reasons: 
 ERS and Envisat data were processed together to provide PSI results spanning 1992 to 2006.  
Envisat’s Advanced Synthetic Aperture Radar (ASAR) instrument operated at a slightly 
different wavelength than ERS (5.63 cm vs 5.66 cm respectively), and so most practitioners 
would process ERS and Envisat SAR data separately, analysing the results as two separate sets 
of measurements.  The approach used here exploited the fact that the PS technique requires 
only point targets which remain highly coherent at wide wavelength ranges and incidence 
angles, thus providing time-series of longer normal duration, spanning the lifetimes of two 
different radar satellites, totalling 14 years. 
 The PSI processing was challenging due to a combination of seasonal, atmospheric 
heterogeneity in the order of 1 to 20 km causing significant phase-changes, and cyclical 
ground deformation ranging from 1 to 5 cm due to seasonal water abstraction during the 
summer and autumn.  To derive linear deformation trends meant removing summer/autumn 
data from the SAR data processed. 
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4.9: Subsidence over Copenhagen: Publication 9 (2012) 
This journal article was a spin-off activity of the EC-funded, FP7 GMES Space project entitled 
PanGeo, conceived, proposed and coordinated by the author while employed at NPA.  By way of 
context, the following section provides background to the PanGeo project, the section after that 
discussing the article itself. 
 
4.9.1: PanGeo: A Free Geohazard Information Service for Europe 
The six years of Terrafirma (2003-2009) represented a wealth of experience in all aspects of InSAR 
application, validation and acceptance by a wide-ranging user-community.  However, Terrafirma 
SLAs were made between scientists wanting to explore and validate the technology, and although 
PSI output from different providers had been standardised within Terrafirma, no attempt was 
made to standardise the  geoscientist’s interpretation of InSAR measurements, or to ‘productise’ 
InSAR for non-specialist consumption.  Indeed, this had not been the goal of Terrafirma, more 
aligned to application development, appropriate for that stage of the InSAR story.  But now, in 
2009, a large gap still prevailed between InSAR and its widespread use.  InSAR needed product 
development to enable integration into the workflow of operational end-users, e.g. engineers, 
civil protection agencies, oil & gas production, utility operators.   
 
There was another motivation felt by the author to push InSAR development.  At the time, the EC, 
in its development of pre-Copernicus GMES services, did not recognise geologically-related 
applications as representing a viable ‘core’ service.  There were initiatives for the sea, air and land 
surface.  There was even an ‘emergency’ theme, but its remit was response only, and only to 
catastrophic, multiple, life-threatening events.  There was no GMES core service considering the 
sub-surface.  The author, with others, argued for the significance of geology to EC policy in terms 
of geohazards, mineral resources and groundwater-depletion, but the agenda for GMES services 
was already set.  As of today, geology is only recognised by Copernicus services in terms of 
geohazards by the Emergency Management Service (www.emergency.copernicus.eu).   
 
During 2010 the EC issued its 3rd call for their FP7 Space projects in support of GMES.  Proposals 
needed to use existing GMES Core Service output to qualify.  The author saw this as an 
opportunity to further expose the utility of InSAR to the EC, and to productise InSAR 
measurements for non-specialist consumption.  He visited the European Commission in Brussels 
to sound-out ideas, also meeting with other potential partners of influence, e.g. EuroGeoSurveys.  
After six months intense work, supported by an able assistant at NPA, Mr. Morris Dean, the 
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author assembled a collaboration of 37 partners, including all 27 EU national geological surveys, 
and compiled and submitted a proposal to the Commission which was subsequently negotiated 
and won. 
 
PanGeo was a 3-year project (2011 to 2014) aimed at developing and providing a European 
geohazard information service, based on InSAR.  The project team incorporated: 
 The four ESA-accredited PSI providers from Terrafirma (NPA, TRE, Gamma and Altamira). 
 Representatives from all 278 national geological surveys of the EU. 
 A User Advisory Panel comprising EuroGeoSurveys, European Federation of Geologists 
(www.eurogeologists.eu), and Dr. Chris Browitt, ex-head of BGS-Edinburgh. 
 The French company SIRS (www.sirs-fr.com/en/content/the-company.html) who made the 
EC’s Urban Atlas (UA) (http://www.eea.europa.eu/data-and-maps/data/urban-atlas), as part 
of the GMES Land Theme Core Service.  UA data were used in PanGeo. 
 Finally, Landmark Information Group (www.landmark.co.uk), expert in the visualisation of 
spatial data, would assist with productising output. 
The project undertook the PSI processing for 52 large (population >100,000) cities across Europe 
(representing 15% of EU population) as nominated by each country’s respective geological survey 
- an exercise involving 3,000 SAR scenes from both ERS and Envisat archives.   Training was given 
to the geological surveys in PSI and its interpretation, and in partnership with them, PanGeo 
developed a standardised geohazard classification scheme and mapping methodology.  This 
specified the geoscientist polygonising discrete areas of geohazard according to three information 
sources: i) PSI measurements, ii) geology maps for mapping geohazard susceptibility, and iii) 
direct field observations.   Collectively this resulted in the interpretation of 1,286 instances of 19 
types of geohazard covering an area of 18,000 km2.  Results are presented as layers within 
GoogleEarth as interrogatable polygons of geohazard, with summary and full interpretation 
available with a mouse-click (www.pangeoproject.eu).  Significantly, and intentionally from the 
author’s initial project design, the satellite data (the InSAR results) are not shown or made 
available as it is only their interpretation by a geoscientist expert that is relevant to the end-user.  
PSI results on their own, without expert interpretation, can cause undue alarm, as measured 
displacement does not necessarily mean a direct threat or damage, e.g. large subsidence bowls 
caused by water abstraction (see Figure 4.1).  The PanGeo project, its methodology and results 
are further detailed in the author’s publication VI, discussed in Section 4.11. 
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 There were 27 EU member states including the UK at the time of proposing the PanGeo project. 
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4.9.2: Subsidence over Copenhagen and its relation to tectonics: Publication 9 (2012) 
Publication 9 was compiled by relevant members of the PanGeo team, led by the Danish and 
Greenland Geological Survey (GEUS) who considered the PSI result and its interpretation for 
PanGeo to be worthy of scientific publication (Jakobsen, Wegmüller, Capes, & Pederson, 2012).  
Three areas of newly-mapped subsidence were analysed, interpreted as caused by made-ground, 
waste-ground and regional tectonics, the latter resulting in new theories relating to the origins of 
Denmark’s deepest lake, Lake Furesø. 
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4.10: Industrial Perspectives on the Satellite Geohazards Services Sector: 
Publication 10 (2012) 
By 2012, there existed a widespread, international community of InSAR researchers and users.  
The Group on Earth Observations (GEO)9 (Group on Earth Observations Secretariat, 2016b) had 
established the Geohazard Super-Sites & Natural Laboratories programme (GSNL) (Group on Earth 
Observations Secretariat, 2016a; Salvi, 2016), an initiative of the geohazard scientific community 
that provided access to spaceborne and in-situ geophysical data for selected sites prone to 
earthquake, volcano or other hazards. The initiative began with the "Frascati declaration" at the 
conclusion of the 3rd International Geohazards workshop of GEO held in November 2007 in 
Frascati, Italy (European Space Agency (Ed), 2007). 
In May 2012, ESA and the GEO Secretariat convened the International Forum on Satellite EO for 
Geohazards, known as the Santorini Conference. The conference was the continuation of a series 
of international workshops organised by the Geohazards Theme of the Integrated Global 
Observing Strategy (IGOS) Partnership.  The event was organised and chaired by ESA in 
association with GEO.  It gathered over 140 participants from 20 countries including European 
countries, the US, Canada, Japan and China. Over 70 organisations were represented, ranging 
from international organisations (e.g. World Bank) to public institutes, space agencies, universities 
and the private sector.  The author was invited by ESA to present which he did on the subject of 
‘geohazard-EO and standardisation’.   
 
The objectives of the Santorini Conference were to understand the state-of-the-art with regards 
to EO and geohazard applications, and help determine space agency initiatives that would support 
continuing development.  It was an opportunity for users and practitioners of the geohazard 
community to come together and discuss latest developments and objectives over the coming 
five to ten years.  A number of (geohazard) ‘Community Papers’ (e.g. earthquakes, volcanoes, 
landslides) were compiled previously and circulated as the basis for discussions at the conference.  
The author contributed to the paper relating to ‘Industrial Perspectives’ (Bally et al., 2012).  A 
revised paper, to which the author contributed, was included within the final ESA-GEO report of 
the conference (Bally (ed.), 2012), this being the publication cited for this thesis (publication 10).  
It is of note that the ESA-funded project Terrafirma, proposed and managed by the author, is cited 
several times in the paper, and was clearly a project of some influence. 
                                                          
9
 Established in 2005, GEO is a voluntary and influential partnership of governments, space agencies and 
organisations (currently numbering 102) that envision a future wherein decisions and actions for the benefit 
of humankind are informed by coordinated, comprehensive, and sustained Earth observations and 
information (http://www.earthobservations.org/index.php). 
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The influence of the Santorini Conference still resonates today, having influenced and helped 
inspire a number of key initiatives, two of which are outlined below: 
 The seismic community set out a vision for the EO contribution to an operational global 
seismic risk program.  “In 5 to 10 years' time, EO could provide fundamental new observations 
of the seismic belts - around 15% of the land surface and improved understanding of seismic 
events through the work of the GSNL.”.  This has led to the Looking into the Continents from 
Space project, led by the UK Natural Environment Research Council’s (NERC) Centre for the 
Observation and Modelling of Earthquakes, Tectonics and Volcanoes (COMET).  This activity is 
mass-processing Sentinal-1 data over the world’s earthquake belts to provide a new global 
strain rate model with a deformation resolution of 1 mm/year over 100 km (Wright, 2016).  
All volcanoes of note will also be processed and monitored 
(http://comet.nerc.ac.uk/about/our-projects).   
 Discussions at the conference led to a broader concept for the GSNL Super-Sites initiative.  
Presentations relating to big-data and the unprecedented volumes to be arriving from the 
forthcoming Sentinel satellites inspired ideas that have since turned into the Geohazard 
Thematic Exploitation Platform still under development (European Space Agency, 2016a).  The 
Geohazards TEP enables EO-geohazard science to be conducted from one platform.  Instead 
of downloading data and applying their own tools, users are presented with a selection of 
tools that can be applied from within the platform, using cloud and grid technologies to 
access EO data stored de-centrally.  
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4.11: On Safe Ground? Analysis of European Urban Geohazards Using 
Satellite Radar Interferometry: Publication 11 (2017) 
This publication, appears in the International Journal of Applied Earth Observation and 
Geoinformation, representing new research undertaken during the author’s studies based on the 
output of the EC-funded PanGeo project, proposed and coordinated by the author.  Background 
to the PanGeo project is given in Section 4.9.1.   
 
The PanGeo service (www.pangeoproject.eu), provides geohazard information on a city-by-city 
level, and although the methodology and process was standardised, each city was analysed in 
isolation.  The author was aware that a global analysis of the data created could yield unique and 
useful insights into the extent and distribution of European urban geohazards, a subject of which 
little was/is known.  Merging with population data would also reveal indications of geohazard-
exposure.  Such Europe-wide analysis would likely be of more interest to European policy and 
decision-makers.  The project, however, did not have the time or resource to take this extra step, 
and a global analysis was not made.   
 
The author’s publication, presented for this thesis, describes his downloading of all PanGeo 
output (freely available from the existing PanGeo website) and further manipulation within a 
Geographic Information System (GIS).  This included a merge with EC population data (European 
Commission, 2016) to produce a suite of statistical results on the extent, distribution, nature, and 
exposure to, European urban geohazards (Capes & Teeuw, 2017).   Article highlights include: 
 The 52 European cities analysed represented 15% of the EU population (75M). 
 The geohazard polygon shapefiles for all 52 cities were downloaded, merged and integrated 
with EuroStat population data, yielding 1,281 records of 18 types of geohazard covering an 
area of 10,000 km2.   
 The average European city of 1.5 million people had 4 geohazard types covering an area of 
186 km2, exposing 626,000 people.   
 The most common geohazard was ‘made-ground’ followed by ‘compressible-ground’, 
indicative of city development in riparian and/or coastal zones.   
 60% of the 1,281 geohazard records were interpreted from InSAR results, the inference being 
that without this technology these hazards would have gone undetected until they become 
severe enough (and dangerous enough) to be noticed. 
 The work shows how the reliability and better temporal resolution of Sentinel-1 would 
enhance urban geohazard mapping. 
 The study supports the concept for routine, publicly-funded, Europe-wide InSAR-mapping. 
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5:  IMPACT 
The work described has impacted upon the development of InSAR for geohazard applications in 
various ways.  Four examples are given, relating to:  a) the general promotion of InSAR, b) support 
to ESA’s flagship application, c) influence on Copernicus, and d) influence on the design of 
Sentinel-1. 
 
5.1:  Spreading the word 
In assembling the first operational InSAR processing chain, the author was among the first to 
provide example products and knowledge of InSAR capability to new audiences and markets, both 
in the UK and internationally.  Working for a commercial company, the focus was on a wide range 
of suspected markets in civil engineering, the utilities, infrastructure, oil and gas, as well as 
academia, especially UCL, Oxford, Nottingham and Reading.  It is worthy of note that in the early 
days of ERS InSAR, most academics were shut out from undertaking their own InSAR processing 
due to a lack of software and prohibitively expensive SAR data costs – both factors putting NPA in 
a unique position as a commercial provider.  A large and wide range of contacts was developed 
and these interactions led to a diverse range of InSAR processing, InSAR results, and expertise in 
both what did and did not work.  The author worked closely with the British Geological Survey 
(BGS) which he engaged in many InSAR-based collaborations from 1997 to 2014; this involvement 
leading to the BGS’s current adoption and routine use of InSAR.  Other significant examples of 
InSAR capacity-building include the ESA Terrafirma project that involved 88 service level 
agreements with 51 geoscience institutions.  Also, the EC FP7 PanGeo project that contracted all 
27 national geological surveys who worked with 52 local authorities.  In summary, the author has 
done much to aid the understanding, and promote the utility of InSAR to a wide-ranging, national 
and international community of practitioners.   
 
5.2:  Direct support to the development of ESA’s flagship application 
As described in chapter 3, InSAR had developed incrementally since the 1960’s, but it was only 
with the systematically-acquired, high-quality SAR data acquired by ESA’s ERS-1 that terrestrially-
focused InSAR could be undertaken or provided in any form of operational manner.  ESA were 
rightly proud of their achievement in facilitating what was in effect a new form of EO.  Meanwhile, 
the author’s team at NPA, hungry to establish a reputation in this new field, represented the only 
operational InSAR provider, and so a strong relationship was established between the author and 
the ESA EO exploitation division at ESRIN in Frascati, Italy.  Sections 4.2 and 4.4.1 describe two 
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projects undertaken by the author for ESA.  However, these are only two of ten InSAR projects 
conceived and run by the author for ESA, the inference being that the author played a key role in 
ESA’s successful promotion of InSAR to their member states, the European Commission, the USA 
and globally. 
 
5.3:  InSAR in Copernicus 
Global Monitoring for Environment and Security (GMES) was an initiative born out of the 
European Commission’s Joint Research Centre’s Centre for Earth Observation located in Ispra, Italy 
in the 1990’s, and ratified by the Baveno Manifesto of 1998 (Brachet, 2004).  The purpose of 
GMES was to build European autonomy in civilian Earth observation in support of EC policy.  This 
involved development of new space, ground and user segments aimed at applications in six 
thematic areas comprising land, marine, atmosphere, climate-change, security, and emergency 
response.  To develop the new applications, the Commission itself funded a number of large 
(>€10M) GMES-related projects under dedicated programmes in FP6 and FP7, and ESA spent 
>€100M supporting nine GMES projects (of which one was Terrafirma, conceived and led by the 
author).  In 2012, after 10 years of development, these projects entered their ‘operational’ 
phases, with the GMES initiative changing its name to Copernicus.  In part due to the success of 
Terrafirma, new radar satellites have been designed and launched in the name of Copernicus (see 
next section), and InSAR is now well-established within the Copernicus Emergency Services, with 
talk of a continental-wide InSAR dataset to be commissioned as part of an expansion of the land 
theme. 
 
5.4:  Sentinel-1a/b 
The Sentinel suite of EO missions, funded by the EC, designed and operated by ESA, are a key 
output of the Copernicus programme (http://www.copernicus.eu/main/sentinels).  Sentinels 1a 
(2014- ) and 1b (2016- ) were the first and third Copernicus satellites to be launched, both being 
identical radar satellites, orbiting 180° apart, optimised for InSAR (as well as other land and 
marine applications).  The user requirements for these missions was defined during the pre-
operational, ‘GMES’ phase, and in terms of their InSAR capability, Terrafirma was a key, if not the 
main, input.  By implication, the author’s work has had direct influence on this revolutionising EO 
mission. 
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6:  CONCLUSION 
This thesis is an attempt to demonstrate the role the author played in the development of 
satellite radar interferometry for geohazard applications between the years 1995 and 2016.  The 
author’s role is shown by reference to six peer-reviewed articles, and five ‘documents of 
influence’ that demonstrate key pieces of work that have helped progress the technology and its 
application.  The work ranges from the first InSAR-related contract to be funded by ESA, through 
the introduction of InSAR into the CEO’s Disaster Management Support project that influenced 
both the Space Charter for Major Disasters and GMES, to the widespread exploitation and 
standardisation of InSAR seen in the Terrafirma and FP7 PanGeo projects.   
 
Certainly, many others of more significance than this author have contributed to the development 
of InSAR.  However, due to a unique convergence of several factors, the author was able to make 
an impact on the development of InSAR application, particularly in the field of geohazards.  This 
was mainly by good fortune in being at the right place at the right time -  i.e. a fresh MSc remote 
sensing graduate landing a job in what was Europe’s oldest remote sensing company that also 
happened to be the world’s largest consumer of satellite radar data, and with the geologically-
oriented and entrepreneurial Nigel Press at the helm.  However, the author hopes for some credit 
in terms of his enthusiasm for InSAR, his tenacity, innovation, networking-skills, and hard work, 
with hundreds of hours spent writing proposals, reports and occasional journal articles.   
 
Academic publication was not considered a commercial priority at NPA.  Now, in lieu of this PhD,  
the author realises his generosity in not insisting on co-authorship of any publications arising from 
projects he proposed and ran!  If academic publication had been a priority, the number of peer-
reviewed articles under the author’s name would have increased significantly. 
 
In conclusion, it is hoped this thesis is able to persuade the reader of the positive contributions 
made by the author in the development of InSAR application.  Of course, without him, InSAR 
would still have revolutionised terrestrial remote sensing, but possibly the rate of progress in its 
application would have been a bit slower and not so widespread. 
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